Abstract In this work we address two aspects of eggplant flower biology potentially involved on the efficiency of anther culture: the selection of the best floral stage to extract anthers for culture, and the effect of heterostyly in the identification of suitable buds and anthers. For 12 different accessions, we determined morphological criteria (length ranges) to identify buds and anthers enriched in vacuolate microspores and young bicellular pollen, the stages most responsive to embryogenesis induction. While these microspore/ pollen stages were the most responsive when isolated and cultured in liquid medium, we observed that culture of anthers containing these stages is not the best choice. Instead, the highest response was found for younger anthers, containing mostly young and mid microspores. We analyzed eggplant anther walls and found that their particular thickness may be behind this apparent discrepancy, since they may delay the diffusion of inducing factors to the anther locule, reducing their effect over inducible microspores. Thus, the culture of younger anthers would allow for younger microspores to grow up to the inducible stages while factors are entering the locule. We also analyzed the embryogenic response of short and longstyled buds present in Cristal, a heterostylic cultivar. Our results demonstrated that each floral morph produced buds and anthers of different lengths, but equally useful for anther culture, since similar amounts of embryos were produced. The practical application of these results may improve the efficiency of anther culture not only in these cultivars, but in others also presenting thick anther walls and heterostyly.
Introduction
Production of androgenic doubled haploid (DH) lines from haploid microspores/pollen constitutes a promising alternative to classical breeding techniques for the generation of pure lines, essential for uniform hybrid seed production (reviewed in Dunwell 2010; Seguí-Simarro 2010) . Despite of its convenience, DH technology is still far from being a universal method for the routine production of pure lines. In general, there are three main factors that prevent many species Electronic supplementary material The online version of this article (doi:10.1007/s10681-011-0569-9) contains supplementary material, which is available to authorized users. from being deviated to androgenesis. The first is the genotype. Since androgenic competence is under genetic control (Beckert 1998; Rudolf et al. 1999) , some species respond better than others. Even within a species, there are high and low and even nullresponding genotypes (Ferrie et al. 1995) . The second factor is the developmental stage of the microspore. In this regard, there is a wide consensus about the best stage to deviate the microspore towards embryogenesis, which revolves around the first pollen mitosis (reviewed in Seguí-Simarro and Nuez 2008; Touraev et al. 2001) . In other words, it is believed that the most responding stages are the vacuolated microspore (VM) and the young bicellular pollen (YBP). The third factor involves the different culture conditions necessary to transform a microspore/pollen grain into a DH. These conditions include the physical and chemical environment of the in vitro culture, and most importantly, the initial treatment necessary to induce the developmental switch of the microspore/pollen. Generally, this treatment is characterized by the application of a stressing agent that forces the microspore to change towards a different developmental pathway (reviewed in Shariatpanahi et al. 2006) . These three parameters must be optimized in order to obtain an efficient protocol. In many economically important crops, the lack of information on these three parameters represents a serious drawback to overcome in order to obtain a reliable and efficient method for androgenesis induction and DH generation. This is the case of eggplant (Solanum melongena L.).
Eggplant is one of the most important vegetables worldwide. In 2009, 35,326,379 t were produced and 1,974,920 ha were harvested (FAOSTAT 2010) . This places eggplant in the sixth and seventh place in the rank of vegetable crops in terms of production and area harvested, respectively. Despite of its relevance, advances in the understanding of eggplant androgenesis still seem insufficient. Eggplant is already considered a recalcitrant species, since it has been possible to obtain DHs in some cases, but the efficiency is still moderate and the number of inducible cultivars still insufficient. With respect to the three factors above mentioned, after 40 years of research on the response of eggplant to androgenesis induction, several media compositions and inductive treatments have been used to produce DHs through anther culture in different eggplant F 1 hybrids and cultivars under different experimental conditions (Alpsoy and Seniz 2007; Borgel and Arnaud 1986; Dumas de Vaulx and Chambonnet 1982; Gémes Juhasz et al. 2006; Isouard et al. 1979; Matsubara et al. 1992; Raina and Iyer 1973; Rotino 1996; Rotino et al. 1987; Rotino et al. 1991; Sanguineti et al. 1990; Seguí-Simarro et al. 2011; Tuberosa et al. 1987) . Recently, we conducted a comprehensive study in order to evaluate the androgenic competence of 12 different eggplant accessions, including common eggplant, related species and interspecific hybrids (Salas et al. 2011) . From all these studies, it can be concluded that after evaluating a number of different eggplant cultivars, varieties, and hybrids, the genotype plays a key role in this process. It can also be concluded that among the different experimental conditions used up to now, the most useful in terms of DH yield and applicability to different genotypes are those initially described by (Dumas de Vaulx and Chambonnet 1982) for anther culture, although with slight adaptations to particular genotypes. However, the establishment of criteria for the identification of the optimal anthers to be cultured has not been studied with the same level of detail. At least, results are not as conclusive as those related to the other two factors.
Despite of the wide consensus about the inducible stages of the microspore/pollen, which also applies to eggplant, in the literature buds with suitable anthers have been traditionally identified using loosely defined criteria such as flower buds with closed sepals still almost completely covering the petals (Rotino 1996) , flowers before petals were visible (Tuberosa et al. 1987) , or sepals still fused and petals not visible yet (Dumas de Vaulx and Chambonnet 1982) . Indeed, these pioneering authors admitted that these visual references may vary among cultivars, or even among buds of the same individual. According to this, it seems evident the usefulness of defining additional morphological, easily quantifiable parameters to identify, in different eggplant genotypes, buds with anthers containing microspores/pollen grains at the optimal stage to be cultured and reprogrammed towards embryogenesis. This is the first goal of the present work.
A second interesting aspect of eggplant flower biology that might potentially influence androgenic response is heterostyly. Many Solanum species are functional andromonoecious, producing both hermaphroditic and functionally staminate flowers (Whalen and Costich 1986) . In the particular case of eggplant, several authors (Quagliotti 1979; Rylski et al. 1984; Sekara and Bieniasz 2008) have described this species as frequently showing a form of heterostyly where flowers with styles of different lengths coexist in the same individual, and those with short styles have severe fertility and fruit set problems, which leads to the mentioned functional andromonoecy (Rylski et al. 1984) . This undesirable feature of eggplant flowering biology has led to the progressive elimination of short-styled flowers in modern, improved cultivars. However, many interesting cultivars and varieties still present this trait. As an example, inflorescences of greenhouse-grown cv. Cristal usually present one long-styled flower and two shortstyled flowers. With respect to androgenesis, shortstyled flowers have been traditionally considered undesirable also for anther culture. Although it was demonstrated that the androecium of these flowers is fertile, and that the lack of fertility is mostly due to a dysfunctional stigma (Rylski et al. 1984) , some eggplant breeders and researchers prefer not to use anthers of these flowers. In practice, this implies a reduction of the amount of available flower buds for anther culture, which in turn reduces the efficiency of this process in terms of microspore-derived embryos obtained per donor plant. However, no scientific proofs have been provided to date to confirm or discard this hypothesis. This is the second goal of this work.
In this study, we analyzed the variation in the length of donor buds and anthers optimal for anther culture. The precise identification of these buds and anthers in different genotypes is not always easy. We used a total of 12 accessions of eggplant and related materials as a representation of the diversity of eggplant, including commercial cultivars, local varieties, wild relatives, and some materials of interest for breeding from the eggplant primary and secondary genepool. To shed light on the influence of heterostyly on the androgenic response of long and short-styled eggplant buds, and to confirm the usefulness or uselessness of short-styled flowers for anther culture, we performed a research comparing the embryo yield of anthers obtained from both flower types. We found that in the case of the optimal bud length for anther isolation and culture, the particularities of eggplant flower biology have a direct impact on the response of the microspores to androgenesis induction, and no impact at all in the case of floral heterostyly. These results may be directly applied to protocols currently used for anther cultures in virtually all eggplant cultivars, and have the potential to increase their yield in terms of increasing the amount of inducible microspores and of embryos produced from a given batch of donor plants.
Materials and methods

Plant material
Twelve different accessions were used in this work, including eight accessions from different cultivar types, origins, and fruit characteristics, as well as one accession of the wild ancestor of common eggplant (Solanum incanum), one interspecific hybrid between the S. incanum accession and one of the Solanum melongena accessions, one accession of the cultivated gboma eggplant (Solanum macrocarpon), and one accession of the cultivated scarlet eggplant (Solanum aethiopicum). These accessions, which are representative of the diversity of eggplant (Salas et al. 2011) , have been previously characterized at the morphological, molecular and chemical level and further detailed data on their characteristics can be consulted elsewhere (Muñoz-Falcón et al. 2008a; Muñoz-Falcón et al. 2008b; Prohens et al. 2007; Sanchez-Mata et al. 2010) . Plants were grown in 30 cm pots at COMAV greenhouses (Universitat Politècnica de València), at a minimum of 18°C under natural light during spring months for three consecutive years.
Correlation of bud and anther length with microspore/pollen developmental stages For each accession, 18-24 individual plants were used in this study. From each individual, two flower buds were collected, for a total of 36-48 flower buds analyzed per genotype. Given the high heterogeneity in sepal lengths and their lack of correlation with flower development (Fig. 1) , the calyx was not considered as a reference for measurements. Instead, buds were measured with a caliper, from pedicel insertion to the end of the corolla, still closed in flower buds. After determining the minimal and maximal bud length for each genotype, intervals of 1 mm were established in order to cover the whole range of bud development. A minimum of three buds of each of the considered length intervals were used. After measuring each single bud length, one anther was excised from the bud, measured, deposited and crushed over a microscope glass slide, by applying gently pressure on the coverslide. Slides were then observed under a Nikon Eclipse E1000 microscope. In order to determine the percentages of each microspore/pollen stage in the same anther, 20 pictures (phase contrast) of ten different randomly chosen fields were taken at 409. With an approximate average of 20 microspores/ pollen per picture, around 400 microspores/pollen per anther were counted and staged. The percentages of individuals at each stage were calculated by dividing the number of individuals at a given stage by the total counted for each anther. The different microspore/ pollen developmental stages were identified according to the morphological characterization of microsporogenesis and microgametogenesis described in (Seguí-Simarro and Nuez 2005) . Seven different stages (tetrads, young, mid, and late (vacuolate) microspores, and young, mid and late, mature pollen) were established based on morphological criteria such as cell size and shape, and number, type and position of the nucleus. Briefly, post-meiotic tetrads were identified by the presence of four cells enclosed within a thick, callose envelope (Fig. 1a 0 ). Young microspores, just released from the tetrad, by their reduced size, their polygonal shape and when visible, a centered nucleus (Fig. 1b  0 ) . Mid microspores had a slightly increase in size and a more rounded profile (Fig. 1c  0 ) . In some instances, the onset of vacuolization is visible. In addition to this, vacuolate microspores presented a large, central and clearly visible vacuole which displaced the nucleus to a peripheral position (Fig. 1c-d 0 ). YBP showed a significant increase in size and roundness, a higher opacity of the cytoplasm when observed under phase contrast, and two clearly . Mid pollen grains were identified by a even higher size and enrichment of the cytoplasm in granules, becoming more dense and opaque (Fig. 1f 0 ). This opacity often precluded the identification of nuclei. Mature pollen was identified by a volume loss, oval shape and very high opacity, appearing as nearly black grains under phase contrast (Fig. 1g 0 ).
Anther culture and isolated microspore culture
Flower buds were harvested, transported under melting ice, surface sterilized and immediately dissected. Before plating the anthers, bud and anther lengths were systematically measured with a caliper. Only those of the optimal length were considered for anther culture. A variable number of anthers (ranging from 68 to 225 per accession) were plated. Anthers were cultured according to Dumas de Vaulx and Chambonnet (1982) . Briefly, anthers were inoculated in dishes with agarbased Ct inductive medium and cultured for 8 days in darkness at 35°C. Then, they were transferred to light (12/12 photoperiod) and 25°C for four more days. At day 12, anthers were transferred to R1 medium, where they were cultured indefinitely at 25°C, refreshing medium every 20 days. Once embryos emerged from anthers, they were isolated and cultured individually on dishes or pots with V3 medium for germination and transformation into plantlets. For isolated microspore culture, flower buds were selected as described for anther culture. Their locular content was isolated by filtration, plated and incubated at 35°C for 3 days according to (Miyoshi 1996) , and then continuously at 25°C in darkness, suspended in liquid NLN culture medium (Lichter 1982) supplemented with 2% sucrose, 0.5 mg/l naphthaleneacetic acid (NAA), and 0.5 mg/l 6-benzylaminopurine (BAP), pH 5.9, for cell proliferation and production of embryo-like structures.
Light microscopy
Anthers of Bandera, Cristal, Ecavi and ANS-3 eggplant cultivars, as well as of the Herminio pepper cultivar and the Mercedes tomato cultivar were fixed in Karnovsky fixative solution (4% formaldehyde ? 5% glutaraldehyde in 0.025 M cacodylate buffer, pH 7), post fixed in 2% OsO4, dehydrated in ethanol series, embedded in EM-bed 812 resin (Electron Microcopy Sciences) and polymerized at 60°C for 2 days. Thin (1 lm) sections were produced with a Leica UC6 ultramicrotome, mounted and observed under phase contrast in a Nikon Eclipse E1000 microscope.
Results
Determination of morphological parameters to identify the optimal stage for androgenesis induction
One of the most adequate criteria to identify buds and anthers at their optimal stage is their length. For nearly all species, it is known that bud length is directly related with anther length and with the developmental stage of their microspores or pollen grains. Therefore, the microspore/pollen stage can be inferred from the length of their corresponding buds and anthers. We first checked whether in eggplant this correlation is valid or not, at least at a qualitative level. As reflected in Fig. 1 , the use of this morphological parameter may be useful in eggplant as well, since a clear correlation between bud lengths and stages was evidenced. Then, we studied in a more precise, quantitative manner, the correlation between bud/anther length and the developmental stage of the microspores/pollen contained in anther locules of the 12 eggplant genotypes used in this study. Depending on the availability of buds for a given genotype, a total of 36-48 buds per genotype were evaluated. One anther per bud was excised, measured and squashed to observe and count the microspores/pollen of its locule. As a representative example, Table 1 shows the percentages of the different microspore and pollen developmental stages with respect to the different bud lengths measured in one of the eggplant materials used (cv. Bandera), whereas in Table 2 these percentages are represented with respect to anther lengths of this same cv. As seen in Table 1 and Fig. 1 , the developmental stage of the microspores or pollen changed as buds grew in size and matured. Except for very young stages, where the locular population was absolutely homogeneous (Fig. 1a 0 ; Table 1 ), buds of intermediate stages contained a mixed population consisting of variable percentages of microspores/pollen at adjoining developmental stages (Fig. 1b 0 -g 0 ; Table 1 ). Mixed populations were also observed when anther length and the Euphytica (2012) 184:235-250 239 developmental stage of microspores and pollen were correlated (Table 2) . Similar results were observed for the other 11 genotypes (see Supplementary tables).
Assuming the widely accepted notion of VMs and young, just divided, bicellular pollen (YBP) as being the most sensitive stages, we could not identify any bud length clearly containing more VM ? YBP than the rest. For example, in the case of cv. Bandera, buds ranging from 12 to 15.9 mm contained around 70% of VM ? YBP, although with slightly different percentages of each stage (Table 1) . Thus, for a maximum of VM and YBP, buds from 12 to 15.9 mm should be selected. When anther length was considered instead of bud length, results were more precise (Table 2) . Anthers from 5.5 to 6.4 mm contained nearly 70% of VM ? YBP. Thus, in the case of anther length, a percentage of around 70% of the inducible stages could be found in a length range as narrow as 1 mm. Following these criteria, we next determined the ranges of bud and anther lengths optimal to maximize the presence of VM and YBP in the 12 genotypes studied. Numerical results are reflected in Table 3A , which shows the minimal, maximal and average bud and anther length where maximal VM ? YBP were observed for each genotype. It can be observed that with the exception of S. aethiopicum, the optimal bud length for all the genotypes ranged between 8 and 16 mm, whereas anther length ranged between 4 and 7 mm. For S. aethiopicum, bud and anther lengths were significantly smaller, around 6 and 3 mm, respectively.
Embryogenic response of anthers containing VM and YBP Once determined the optimal length to maximize the presence of VM and YBP, long-styled buds of these lengths were collected for the twelve accessions and the corresponding anthers were in vitro cultured under androgenesis-inductive conditions (Dumas de Vaulx and Chambonnet 1982) . Anther response for each genotype in terms of embryo production is shown in Table 3A , expressed as number of embryos produced per 100 anthers plated. Embryo production was restricted to five (Ecavi, ANS26, Bandera, IVIA371 and ANS3) out of the 12 accessions, with highly variable rates ranging from 0.7 to 60.9 embryos/100 anthers (Table 3A) . As a representative example, the progression of Bandera microspore-derived embryos is shown in Fig. 2 . Few weeks after anther inoculation, microspore-derived embryos arose from the anther locule (Fig. 2a) . When separated from the anther and individualized (Fig. 2b) , embryos germinated extending roots with root hairs and the aerial parts of the plantlet (Fig. 2c, d ). After completion of the in vitro growth, hardening and acclimatization phases, DH plants were produced (Fig. 2e) . The remaining seven accessions did not produce any embryo during the 3 months the anthers were kept in culture.
Effect of the stage of anther excision on the embryogenic response in cvs. Bandera and Cristal
We tested the validity of these ranges by culturing anthers from long-styled buds at all developmental stages, covering from meiocyte-containing anthers to those containing mature pollen. For these experiments we first chose cv. Bandera, one of the best responding cultivars according to Table 3A . Bandera anthers of all the lengths considered in Table 2 , coming from buds of all the lengths considered in Table 1 , were cultured, and the number of embryos produced by each anther and bud range was counted. 61.1 embryos per 100 cultured anthers were obtained (Table 3B ). Figure 3 shows the percentage of embryos produced from buds ( Fig. 3a) and anthers ( Fig. 3b) of each length. All of the embryos arose from anthers ranging from 4 to 6.4 mm, excised from buds between 9 and 12.9 mm, with the only exception of one embryo from buds of 14-14.9 mm. The average bud length was 11.34 mm and the average anther length was 5.25 mm. More precisely, nearly 90% of the embryos were produced from buds between 10 and 12.9 mm, which mostly included anthers between 4.5 and 5.9 mm. These intervals differed from those determined for Bandera based exclusively on the identification of VM and YBP (12-15.9 mm for buds and 5.5-6.4 mm for anthers). In fact, according to Tables 1 and 2 , the intervals where most embryos were produced corresponded to buds and anthers characterized by a major presence of young (YM) and mid microspores (MM) at the moment of inoculation, being VM ? YBP considerably less represented. These results indicated that the embryogenic response is mostly produced in anthers containing a majority of YM and MM at the moment of anther inoculation. In order to verify the results obtained in cv. Bandera, we next studied a second cultivar, Cristal. We chose Cristal for this second validation because it showed a null inductive response when anthers containing mostly VM ? YBP were used as explants (Table 2) . However, parallel experiments demonstrated that in this cv., isolated and in vitro cultured VM ? YBP produced multicellular structures and microspore-derived embryos (see next paragraph). It appeared that some factors inherent to the anther culture technique itself were preventing VM ? YBP from being induced. In a design similar to that used for cv. Bandera, we cultured anthers from long-styled buds of all sizes, covering from meiocyte-to pollen-containing anthers. Interestingly, using this approach we observed that some anthers responded to induction by producing embryos. Then, we analyzed the frequency of embryos produced from buds ( Fig. 4a) and anthers (Fig. 4b ) of each length. 53 embryos per 100 cultured anthers were obtained (Table 3B ). All of them arose from anthers ranging from 3 to 5.9 mm, excised from buds between 8 and 11.9 mm. The average bud length plantlets at different stages. e Acclimatized DH plant obtained through anther culture. Bars in a-c 5 mm; d 1 cm; e 10 cm was 11.3 mm and the average anther length was 4.8 mm. Nearly 92% of the embryos were produced from buds between 8 and 10.9 mm, which included anthers between 3 and 4.9 mm. Again, these intervals contrasted with those determined for Cristal based exclusively on the identification of VM and YBP (10-12.9 mm for buds and 4.5-5.9 mm for anthers; Table 3 ). As in Bandera, most of the embryos were produced from anthers characterized by a major presence of YM and MM at the moment of inoculation. It appeared that the embryogenic response of Cristal anthers is higher when they contain a majority of YM and MM at the moment of anther inoculation, as also observed for Bandera.
Embryogenic response of Bandera and Cristal isolated microspores
We checked the androgenic competence of YM, MM, VM, and YBP when isolated from the anther and cultured in liquid medium. We performed microspore cultures with YM and MM isolated from their corresponding Bandera and Cristal anthers, and in parallel, isolated microspore cultures with VM and YBP under the same experimental conditions (Fig. 5a ). For isolated YM ? MM, no response was observed in any of the culture dishes. However, in dishes containing VM and YBP embryogenic divisions were observed after 5-7 days of culture (Fig. 5b) . Later on, multicellular microspores (Fig. 5c ), globular embryos ( Fig. 5d ) and elongated embryos (Fig. 5e ) evidenced the embryogenic response of VM and YBP. These embryo-like structures were similar to those obtained in our anther cultures (compare Figs. 5e; 2b) . From these results we deduced that YM and MM were unable to produce embryogenic response when directly cultured in liquid medium (isolated from the anther), whereas the culture of VM and YBP directly isolated from the anther under the same conditions clearly gave rise to embryogenic response. In conclusion, VM ? YBP were the most responsive microspore/pollen stages, but there must be something that prevented them from showing their highest response when anthers containing them were selected for anther culture.
Histological analysis of eggplant anthers
In order to find an explanation as to why Bandera and Cristal anthers with YM ? MM produced more embryos than anthers with VM ? YBP, we processed anthers of these cultivars and observed them under the light microscope. As seen in Fig. 6a , the locule of these anthers was surrounded by approximately ten cell layers. Measurements of anther walls at the side proximal to the style in 14 Bandera and Cristal anthers containing VM ? YBP gave an average total thickness of 248.7 ± 14.08 lm. Similar measurements of anthers of other S. melongena cultivars (Ecavi and ANS3) gave similar results, never below 200 lm (data not shown). As a comparison, we also analyzed anthers of other solanaceous crops such as pepper (cv. Herminio), where the most inducible stages have been reported to be VM and YBP, and androgenesis has been successfully induced using these stages through both anther culture and isolated microspore culture (Barany et al. 2005; González-Melendi et al. 1995; Kim et al. 2008; Kim et al. 2004; Seguí-Simarro et al. 2006; Seguí-Simarro et al. 2011; Supena et al. 2006a; Supena et al. 2006b ). Pepper anthers walls (Fig. 6b) were significantly thinner at their proximal side, with an average thickness of 77.1 ± 11.36 lm for 14 anthers measured. Besides, these anthers showed considerably less cell layers than eggplant anthers.
Thus, it appears that in eggplant anthers, locular microspores are separated from the outer environment (culture medium) by thicker walls, made of more cell layers than in other species.
Study of the embryo response of long and short-styled eggplant flowers
We performed a study on the embryogenic response of microspores within anthers coming from long and short-styled flowers. Almost all of the eggplant accessions used in this study presented both long and short-styled flowers, in variable percentages. Among them, we chose Cristal as a reference cultivar characterized by the presence of both flower types. Short-styled flowers (Fig. 7a ) are characterized by a shorter style, never emerging out of the staminal cone (Fig. 7b) , and a reduced bud width and length, (Fig. 7d) , where the distal part of the longer style and the stigma are visible out of the staminal cone (Fig. 7e) . Anthers from both short-styled (Fig. 7c ) and longstyled buds (Fig. 7f) presented cell walls of a similar thickness, always exceeding 200 lm when measured from the locule boundary to the outermost cell layer along their proximal side. We also measured the length of anthers of long and short-styled buds, and compared the distribution of their respective frequencies, grouped in 1 mm intervals (Fig. 8a) . Lengths of anthers from short-styled buds congregated within a range remarkably smaller than that of anthers from long-styled buds. It was evident from this study that the different size of short and longstyled buds was not only due to a different size of the ovary, but also to a different size of their anthers. In order to relate androgenic competence with heterostyly, we calculated the distribution of embryo production frequencies of short and long-styled buds of all lengths, expressed in terms of bud length (Fig. 8b) and of anther length (Fig. 8c) . As seen in Fig. 8b , embryo production concentrated within two main bud length ranges, corresponding to 8-10.9 mm for long-styled buds and to 12-15.9 mm for shortstyled buds. The results for long-styled buds were consistent with those deduced from previous experiments (Fig. 4a) . However, short-styled buds presented a response range significantly higher than long-styled buds. For anther length (Fig. 8c) , results were similar. Embryo production in anthers from long-styled buds concentrated in a length range of 3-3.9 mm, consistent with results of Fig. 4b . However, anthers from long-styled buds produced embryos at lengths of 4-4.9 mm. More than 90% of the total of embryos produced was derived from these two length intervals, with no important differences between them. As expected, these lengths contained mostly YM and MM Thus, cultured anthers from short-styled buds were able to produce androgenic embryos at a level comparable to anthers from long-styled buds. However, it is interesting to note that in short-styled buds, inducible anthers, capable of producing embryos, are longer than those of long-styled buds.
Discussion
The thick walls of eggplant anthers may isolate microspores from culture conditions In order to produce DHs through anther culture, the first step is to identify and isolate anthers at their optimal stage of development. However, the correlation of this stage with a morphological, visible and measurable parameter is not always evident. In this work, we have established morphological, easily measurable criteria (bud and anther length), to identify anthers and buds carrying the highest percentage of VM ? YBP in 12 different eggplant genotypes, covering both cultivated eggplant and related species (Table 3) . However, these criteria seem not valid to identify the most suitable anthers to be cultured. Although it is clearly established in the literature that , we demonstrated that in two selected cultivars, cultured anthers enriched in VM ? YBP did not show the highest response in terms of MDEs. In cv. Bandera, this response was 11.6 embryos/100 anthers, whereas the response of anthers at the range containing mostly YM ? MM was 61.1 embryos/100 anthers, which is clearly superior. Even more striking is the case of Cristal anthers, where no embryogenic response was found from anthers enriched in VM ? YBP, and 53 embryos/100 anthers were obtained from anthers at the range containing mostly YM ? MM (Table 3b ). In principle, these results would be indicating that in eggplant, the optimal stage to induce embryogenesis is not the transition from VM to YBP. However, we showed that when VM and YBP are isolated from the anthers and cultured in liquid medium, they show embryogenic response, whereas YM and MM show no response. These results are consistent with previous reports in eggplant , and with the wealth of results demonstrating the suitability of these stages in other species (Palmer et al. 2005; Touraev et al. 2009 and references therein), confirming VM and YBP as the most inducible stages. Thus, this does not seem to be the cause of the reduced response of anther culture. Then, what is the cause? We have also shown in this work that eggplant anthers (coming from both long-styled and short-styled buds) presented walls composed of several cell layers, for a total average thickness exceeding 200 lm at their proximal side, which is the side usually in physical contact with the solid culture medium. It is reasonable to hypothesize that these thick walls isolate microspores from the external environment, thus temporally preventing them from being affected by induction and culture conditions. Most importantly, active substances of the culture medium (growth factors for example) will need more time to diffuse through thick walls and reach the locule. This would be particularly critical in the case of eggplant, where induction of embryogenesis from both anther cultures and isolated microspore cultures is mediated by the use of plant growth factors. In the case of inoculation of anthers enriched in VM ? YBP, it is likely that when growth factors and medium components reach the locule, many VM have progressed in their development, becoming pollen and thus being not sensitive to these substances, and therefore not suitable for induction. In this way, the amount of inducible individuals would diminish. On the other hand, when anthers containing mostly young and mid microspores (not inducible yet) are inoculated, the time needed for them to progress towards VM ? YBP (inducible) would allow for diffusion of active substances to the anther locule. In this way, inducible microspores and active substances would coincide in time and space, allowing for the induction of the maximal number of microspores. This hypothesis would be confirmed by the fact that when the physical barrier of anther walls is eliminated and VM ? YBP are directly exposed to culture conditions from the very beginning (in isolated microspore culture), these stages are the most responsible.
This hypothesis would imply that in other species with thinner cell walls, less time would be needed for substance diffusion to the anther locule, and therefore, inoculation of anthers with YM ? MM would not be necessary. This was confirmed in pepper, where anther walls are remarkably thinner than in eggplant (Fig. 6c) , androgenesis is promoted by a physicochemical in vitro environment which includes growth factors, and the use of anthers containing VM and/or YBP has been consistently reported to provide good results (Barany et al. 2005; González-Melendi et al. 1995; Kim et al. 2004; Seguí-Simarro et al. 2006; Seguí-Simarro et al. 2011; Supena et al. 2006a; Supena et al. 2006b ). Similar results involving anther culture in other species (Palmer et al. 2005; Touraev et al. 2009 and references therein) also with thinner anther walls, would additionally support that this feature is a characteristic of eggplant. Thus, this rationale would apply to all of the S. melongena cultivars and varieties used in this study, and to both floral morphs. According to our hypothesis, the optimal ranges of bud and anther length would correspond to those maximizing the presence of YM and MM, as represented in Fig. 9 . Most likely, this rationale would also apply to all other cultivars and varieties, since it is likely that all of them have similarly thick anther walls.
Anthers from short and long-styled-buds are equally useful for anther culture Heterostyly is a prominent feature of eggplant (Quagliotti 1979) . Short-styled flowers have been described as having shorter styles and reduced ovaries, compared to long-styled flowers ( Fig. 7 ; Rylski et al. 1984) . In this work we showed that they also present smaller anthers. These reduced organs have an impact on the total size of the bud, before anthesis, being considerably smaller than long-styled. The coexistence of both flower types has been traditionally considered as undesirable for cultivated varieties, since short-styled flowers have reduced fruit set and give smaller fruits, therefore reducing size uniformity (Sekara and Bieniasz 2008) . In addition, fruits from these flowers are frequently smaller or have a reduced quality. The causes behind reduced fruit set have been related to functional impairment of the stigma of short styles (Rylski et al. 1984) . For these reasons, reduction or total elimination of this type of flowers has been a goal to achieve in breeding programs for the release of new, improved eggplant cultivars. Indeed, many current eggplant cultivars present a reduced number of shortstyled flowers, which increases their productivity in terms of fruit yield. This is the case of cv. Cristal, which according to producer specifications, presents a scarce production of secondary (short-styled) flowers (www.semillasfito.com). The problems associated to short-styled flowers have led in many cases to associate the reduced fruit set with putative problems in microspores/pollen that might potentially compromise the usefulness of anthers from these flowers to produce DH through anther culture. In some laboratories, the use of long-styled flowers is advised in order to maximize the production of MDEs (personal communications of several researchers). However, in this work we showed that anthers from short-styled buds are also capable to produce MDEs. Indeed, their MDE production is comparable to that of anthers from longstyled buds. This fact is relevant in order to design a protocol for DH production in heterostylar eggplant cultivars. As explained, in some cases short-styled flowers have been traditionally discarded with no studies supporting this decision. The fact that both bud types are useful, as we hereby demonstrated, may increase the number of useful anthers per donor plant and therefore the efficiency of DH production. Nevertheless, it is interesting to note that, as shown in Fig. 8a , anthers of short-styled buds are in general shorter that those of long-styled buds. However, when both types of anthers are at the same developmental stage (i.e., both containing YM and MM), anthers of shortstyled buds are longer than those of long-styled buds. This apparent discrepancy could be due to a delayed development not only of anthers of short-styled buds, but also of the microspores contained within them. In parallel to a reduced size of the anther, their microspores would develop slower than in long-styled buds. According to this hypothesis, anthers of similar size would not contain microspores at similar stages. Conversely, in order to find microspores at similar stages, longer anthers from short-styled buds should be selected.
The optimal anther size for anther culture is variable not only between eggplant genotypes, but also between long and short-styled buds of a given plant Our results on the optimal bud and anther lengths highlight the variability present in eggplant for anther size and microspore/pollen development, indicating that a general rule cannot be inferred. For example, optimal bud and anther length for S. aethiopicum would be around 5.5 and 3 mm respectively, whereas for IVIA371 it would be around 11.5 and 5 mm, respectively (Fig. 9) . Perhaps, a general trend could only be deduced for anthers of genotypes within S. melongena, since nearly all optimal stages range between 4 and 5 mm. The practical and routine use in common eggplant genotypes of this anther range could save some time for anther culture, in a way similar to the use of the morphological criteria referred to in the introduction, and based on sepal and petal size and shape. However, in order to have maximum guarantee of success, our results indicated that a detailed study Fig. 9 Ranges of bud (dark) and anther (light) lengths where maximal percentages of young and mid microspores were observed for long-styled buds of the 12 accessions used in this study. The average lengths are represented with dots. The vertical lines represent the variability, expressed as the range from the lowest to the highest length value measured correlating bud and/or anther size with microspore/ pollen developmental stages would be advised prior to anther culture experiments for any given eggplant genotype and donor plant growth conditions.
In addition to the genotype-dependent variability, in heterostylar cultivars it is important to consider the variability imposed by the presence of different floral morphs. We have shown that both morphs are capable of producing MDEs under adequate conditions. However, these conditions are not identical in terms of bud and anther lengths. At the stage optimal to isolate and culture anthers, long-styled buds are smaller than short-styled buds. This relationship also applies to anthers of both floral morphs. Thus, clear and specific criteria to identify long and short-styled buds at their respective optimal stage should be developed in parallel for a given genotype in order to properly exploit the advantages of using both floral types as donors of anthers.
Concluding remarks
In this work we addressed specific problems of eggplant anther culture not addressed previously. We have shown that VM ? YBP are the most androgenesis-responsive stages, but opposite to the widespread belief for many other species, in the particular case of eggplant the inoculation of anthers with a maximum content of VM and YBP is not the best choice in order to maximize embryo yield. It is likely that the thickness of eggplant anther walls, observed in both floral morphs, preclude inducing factors from immediately affecting VM and/or YBP within these anthers. Instead, we advice to use anthers containing mostly young and mid microspores, in order to allow for these factors to reach the anther locule while young and mid microspores develop into VM. We demonstrated that our hypothesis worked for two eggplant cultivars, notably increasing their embryo yield. In the particular case of Cristal, the difference was as dramatic as the difference between a null and a good efficiency. On the other hand, we evaluated the androgenic competence of the short and long-styled buds present in Cristal, a heterostylic cultivar. Our results demonstrated that each floral morph produced buds and anthers of different lengths. However, both anther types produced similar amounts of MDEs. Thus, anthers of both short and long-styled buds are equally useful for anther culture, provided that adequate morphological criteria to select each type are previously set up. The practical application of the two main conclusions of this work for eggplant anther culture may improve the efficiency of this technique not only in the cultivars assayed, but most likely in others, also characterized by thick anther walls and floral heterostyly.
